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Abstract

Ecosystem engineers alter their environment often benefiting their own survival and growth yielding self-reinforcing feed-
backs. Moreover, these habitat modifications have been found to facilitate recruitment of conspecifics for some species,
while for others engineering inhibits recruitment. Whether dune grasses facilitate or inhibit recruitment of conspecifics is
yet unknown. Here, we investigated how habitat modification by European marram grass (Ammophila arenaria) through
embryonic dune development affects recruitment from seeds and marine dispersed rhizome fragments. Specifically, we tested
at three locations with different dune morphologies how habitat modification affected natural seed and rhizome presence and
shoot emergence from plots in which seeds or rhizome fragments were added. In addition, we investigated how sediment
burial (i.e., the main effect of habitat modification by dune grasses) affected germination and emergence in a controlled
experiment. Results show that regardless of habitat modification or beach width, seeds and rhizomes were absent in natural
conditions. Habitat modification negatively affected shoot emergence from seeds (8 X less) and rhizomes (4 X less) and was
negatively related to sediment dynamics. Furthermore, fewer seedlings were found with higher elevations. In controlled
laboratory conditions, the highest seedling emergence was found with slight burial (0.5-3 cm); both germination and seedling
emergence decreased as seeds were buried deeper or shallower. Overall, habitat modification by marram grass negatively
affects recruitment of conspecifics through increased sediment dynamics and elevation. Consequently, storm events or
eradication programs that include removal of adult vegetation—which leads to an unmodified system—might benefit new
recruitment from seeds or clonal fragments.
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Introduction

The early stages in the life cycle of plants — from seed and
sprout to small plants — are often the bottleneck for suc-
cessful species long-term establishment thereby affecting
population dynamics and distribution (Grubb 1977). Such
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bottlenecks arise as the environmental tolerance in early
stages often differs from the adult stages that are typically
more resistant (Grubb 1977; Del Vecchio et al. 2020). For
example, American beach grass (Ammophila breviligulata)
is vulnerable to desiccation in its seedling stage but drought
tolerant as adult (Laing 1958; Maun 1994). Apart from
recruitment from seeds, clonal plants have vegetative growth
as a second mode of reproduction which can have differ-
ent establishment requirements compared to seeds (Harris
and Davy 1986; van der Putten 1990). In general, popula-
tions of clonal plants are maintained and expanding through
vegetative growth, rather than through establishment from
seeds. However, after disturbance events establishment via
seed dispersal allow for (re)colonization of new regions
at larger distances (Silvertown 2008; Herben et al. 2015).
Ecosystems that experience frequent and regular physical
disturbances, such as fluvial and coastal ecosystems (e.g.,
rivers, salt marshes and coastal dunes), are often regulated
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by strong bottlenecks for species establishment. Here, flood-
ing and sediment transport by water and wind inhibits plant
establishment and recruitment only occurs during relatively
calm periods called ‘“Windows of Opportunity’ (Corenblit
et al. 2007; Balke et al. 2014).

In harsh coastal environments, ecosystem engineering
plants, such as mangroves, cordgrasses and dune grasses,
alter their physical environment invoking feedback loops
that improve living conditions for themselves and associ-
ated species (Jones et al. 1994; Crain and Bertness 2006).
Throughout an ecosystem engineering plant’s life cycle, the
effect of environmental conditions changes from influenc-
ing germination and establishment potential to influencing
their ability to grow, expand and engineer their environment
(Balke et al. 2011; Schwarz et al. 2015). For some coastal
ecosystem engineers, these habitat modifications also ben-
efit recruitment of conspecifics. For instance, mussels and
oysters provide attachment structures and predation shelter
for larval recruitment and mangrove roots or seagrass shoots
stabilize the soil through water flow reduction which benefits
seedling survival (Zipperle et al. 2009; Balke et al. 2011; van
der Heide et al. 2014; Rodriguez-Perez et al. 2019). How-
ever, habitat modification can also negatively affect new
recruitment. For example, ecosystem engineering by smooth
cordgrass (Spartina alterniflora) can result in increased soil
ammonia levels, which in turn can lower seedling establish-
ment (Lambrinos and Bando 2008). Whether habitat modi-
fication by dune grasses facilitates or inhibits recruitment of
conspecifics is yet unknown.

Dune grasses are the dominant ecosystem engineering
species in temperate coastal dune systems. As these sys-
tems occur at the land-sea interface, there is a sharp change
in environmental conditions such as salinity levels, wind
intensity, sediment transport and soil temperatures from
sea inland (Hesp 1989; Martinez and Psuty 2004). Con-
ditions close to the shoreline are generally too harsh for
establishment, but above the high-water line dune grasses
can establish during periods of low or absent disturbance
(Balke et al. 2014). Once seedlings or plant fragments are
rooted, they clonally expand and start accumulating sedi-
ment by reducing flows of wind with their physical struc-
tures, thereby forming embryonic or incipient dunes. Over
time, these embryonic dunes can develop into more stable
foredunes (Hesp 2002; van Puijenbroek et al. 2017a). These
plant-mediated modifications to the environment lead to an
increase in bed-level elevation, soil moisture levels and a
drop in soil temperatures (Baldwin and Maun 1983). All
these changes can potentially benefit recruitment of conspe-
cifics, due to reduced flood risk and with increased moisture
and lower temperatures desiccation is less likely, which are
thought to be the main factors determining seedling survival
in coastal dunes (Maun 1994). However, sediment accre-
tion might also negatively affect recruitment as burial poses
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direct stress for many species (Maun and Lapierre 1986; Lim
2012; Bonte et al. 2021).

The aim of this study is to determine how habitat modi-
fication by European marram grass (Ammophila arenaria
hereafter referred to as marram grass) affects recruitment
of conspecifics. Marram grass is one of the dominant dune
grasses along the Northwestern European coast. It is known
for its efficient dune building and therefore has been intro-
duced in coastal regions worldwide (e.g. Bakker 1976;
Hacker et al. 2012; Hertling and Lubke 1999; Hilton 2006).
In Europe, marram grass flowers between June and August,
followed by a peak in seed dispersal in September (Huiskes
1979). Seeds that disperse in September will only be able to
germinate the next spring since the seeds need cold stratifi-
cation (Huiskes 1979). Dispersal via rhizome fragments, the
second, asexual, mode of recruitment, is dependent on storm
events (Hilton and Konlechner 2011). As seed or rhizome
availability is the first requirement for successful establish-
ment, we determined seed and marine dispersed rhizome
availability in spring at three locations with different beach-
dune morphologies. Second, we experimentally tested shoot
emergence from seeds and rhizome fragments in modified
and unmodified habitats at these three locations. Lastly, we
examined the effect of sediment burial (i.e., the most impor-
tant effect of habitat modification by marram grass) on seed
germination and emergence in controlled conditions.

We hypothesize that most marram grass seeds will be dis-
persed close to adult vegetation (Pope 2006), and we there-
fore expect a higher seed availability close to vegetation.
Furthermore, the presence of marine dispersed rhizomes
is expected to be dependent on the presence of vegetation
(as a source) in combination with beach width, with higher
chances of erosion and potential rupture of adult vegeta-
tion on short, steep beaches than on wide beaches with a
gentle slope (Anthony 2013; Itzkin et al. 2021). Since we
expect that habitat modification can both have negative (e.g.,
sediment burial) and positive (e.g., increased moisture lev-
els) effects it is hard to predict whether it will facilitate or
inhibit recruitment (Baldwin and Maun 1983; Lim 2012;
Bonte et al. 2021). Furthermore, we expect lower seedling
emergence with increased burial in controlled conditions.

Methods
Field sites

We selected three beach — dune locations on the Dutch Wad-
den Island Texel. The widest system was +420 m (mean
sea level (MSL)—top foredune), the intermediate loca-
tion +260 m and the narrow location + 140 m wide (Fig. 1,
Fig. S1). On the wide and intermediate locations embryonic
dunes (i.e., a modified environment) were present, while on
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Fig. 1 A Location of the field A
sites on Texel. B Dune profiles

of the locations based on a tran-

sect with RTK-GPS. The blue

vertical lines indicate plot loca-
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the narrow beach they were absent. At the wide location
embryonic dunes stretched + 170 m and at the intermediate
location +55 m. As a consequence of beach width, pres-
ence of vegetation and other environmental conditions, dune
morphologies differed between locations (Fig. 1, Fig. S1).

Natural seed and rhizome availability

The natural presence of seeds and marine dispersed rhizomes
in the early successive stages of dunes was determined at the
selected locations in March 2021 by sieving sediment cores
(10 cm, 20 cm depth) over a 1 mm mesh. The cores were
placed along a transect with 3 m spacing between cores (3
parallel transects interspaced +4 m per location, Fig. S2).
The transects started where the first marram grass vegetation
was present and on the narrow and intermediate locations
stretched until the foot of the foredunes (n=21 for narrow,
n=>54 for intermediate). On the wide location, the transects
crossed the embryonic dune field but did not reach the fore-
dune (n=60). From each core the elevation was determined
using RTK-GPS and the distance to the closest adult veg-
etation was measured. All material (shell and organic) that
was left after sieving was taken to the lab to separate seeds
and rhizomes from other material and count the number of
seeds and rhizomes.

Establishment field experiment

To test the establishment potential of marram grass in
relation to habitat modification and beach width, a field
experiment was executed from the beginning of May 2020
— March 2021. Two zones per location were selected: 1) the
unmodified or beach zone between the high-water line and
embryonic dune (hereafter the ‘unmodified zone’) and 2) the
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modified or embryonic dune zone where adult vegetation
modified its environment (hereafter the ‘modified zone’).
Since embryonic dunes were absent at the narrow location,
here only the unmodified zone was included.

At each zone (5 in total across 3 locations as described
above), we established 30 22 m plots. Each plot was
assigned to one of 3 treatments ‘seed’, ‘rhizome’ or ‘control’,
resulting in 10 replicates per treatment per zone and a total
of 150 plots. To ensure that there was no wrack (i.e., organic
material that is washed up on the beach by waves) in the
plots at the start of the experiment, the top layer of the soil
(+ 10 cm) was raked in each plot and, if present, wrack was
removed prior to sowing. An area of + 0.5 m around the plots
was cleared of vegetation. Subsequently, the seed plots were
sown with marram grass seeds (1600 per plot, purchased
at Jelitto perennial seeds ®). Since we aimed to test how
the environmental conditions affected the germination, we
decided to use commercially purchased seeds to minimize
uncertainty of germination potential that might occur in
locally harvested seeds (Del Vecchio et al. 2022). The seeds
were mixed in the top 5 cm of the soil and spread across the
plot. Prior to sowing, seeds were stored in dark, dry, and
cold (8 °C) conditions for 4 weeks. We chose to use 1600
seeds per plot based on germination rates described by van
der Putten (1990), who found that seedling numbers did not
significantly increase with densities over 400 seeds m~2. In
the rhizome plots, wrack (1600 g fresh weight per plot) was
mixed with the top 5 cm of the soil. The wrack was collected
in the field at the intermediate location. On average 78%
of the weight of the sampled wrack consisted of rhizome
parts, which had a total of approximately 3000 nodes (based
on 4 subsamples). The two dominant dune grasses along
the North Sea coast of Texel are marram grass and sand
couch (Elytrigia juncea), no distinction between rhizomes
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of both species was made and no separation between rhi-
zome parts and other organic material was made. Control
plots were treated in the same way as experimental plots,
without the addition of seeds or wrack. We assigned one
of the treatments to the plots in a randomized block design.
The plots were > 1 m apart and on bare soil. Shoot emer-
gence was followed between May and October 2020. Every
fortnight, shoot numbers were counted and, when present,
shoot length of 10 randomly selected shoots was measured.
In March 2021, the survival of individuals over winter was
determined. Besides, sediment cores (310 cm, 20 cm depth,
n=1 per seed plot) were taken to determine retention of
sown seeds in the experimental plots.

Soil moisture and salinity were determined in sediment
samples (n=35 per zone per location) from the top 5 cm of
the soil twice a month from June—August. Moisture levels
were determined as loss on drying (48 h at 60 °C). Water
extracts were taken from the soil using 17.5 g fresh soil
in 50 ml milliQ to measure soil salinity (mS/m). Sedi-
ment dynamics were measured as bed level change using a
bamboo marker at one corner of each plot. Each time, the
aboveground length of the bamboo marker was measured to
track bed level changes. At the start and end of the experi-
ment elevation (m MSL) was measured at each plot corner
using RTK-GPS. At each location light and temperature
were logged (Onset HOBO Pendant temperature/light log-
ger) hourly between May—September on ground level, for
the wide and intermediate location the logger was placed
between the unmodified and modified zone and at the narrow
location between the plots at the unmodified zone.

Burial laboratory experiment

The main effect of habitat modification by marram grass
is the accumulation of sand (Zarnetske et al. 2012; Reijers
et al. 2019). To identify the effect of sediment accumula-
tion on seed germination, we buried seeds (purchased at
Jelitto perennial seeds ®) between 0 and 13 cm. Depths were
intended to be 0, 2, 5, 8 or 13 cm, however, examination
of the burial depth at the end of the experiment revealed
that not all seeds ended up at the intended planting depth.
For all analyses, the treatment groups were adapted to the
actual burial depth which resulted in unequal group sizes
(0-0.5 cm n=400; 0.5-3 cm n=454; 3-6 cm n=419;
6-10 cm n=352; 10-13 cm n=375). Seeds were planted
in germination trays (4.8%4.8%15 cm, 60 cells per tray) in
untreated beach sand, which was sieved over a 1 mm mesh
(collected at paal 9, Texel, the Netherlands, January 2021).
Seeds were stored in dark, dry, and cold conditions (April
2020 — January 2021). To maximize germination, the seeds
were wetted and kept cold (8 °C) 7 days prior to planting
(van der Putten 1990). Five seeds were planted per cell and
treatments were randomized per tray. Cultivation followed
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a day-night rhythm (12 h/12 h), simulated through changes
in light intensity and temperature (day: 25 °C, night: 15 °C).
Seeds were watered every other day, upon need.

The seedlings were grown for 49 days, throughout which
emergence (triweekly) and shoot length (weekly) were deter-
mined. At the end of the experiment, seedlings were exca-
vated. Subsequently, shoot (above and below sediment level)
and root length were determined for a maximum of 100
seedlings per group. For a total of 176 seedlings (0-0.5 cm
n=54,0.5-3 cm n=78, 3-6 cm n=50, 6-10 cm n=13,
10-13 cm n=2), shoots were separated from the roots, dried
(70 °C, 48 h) and weighted.

Statistical analyses

Statistical analyses were performed using the software pro-
gramme R (version 4.2.1). For every test, normality of the
residuals was checked and, if needed, the data were trans-
formed using log transformation and, when transforma-
tion was ineffective, non-parametric tests were used. The
reported values are mean + se, unless indicated otherwise.
P values lower than 0.05 were considered statistically
significant.

Establishment field experiment

First, we determined differences in recruitment success
between treatments (control, rhizomes and seeds) and zones.
We defined recruitment success as the maximum number
of shoots per plot over the growing season (May—October
2020). We first fitted (mixed) models (with poisson (pack-
age “lme4” (Bates et al. 2015), negative binomial (package
“MASS”, (Ripley et al. 2013)), and zero-inflated (package
“pscl”, (Zeileis et al. 2008)) distributions) to the data. How-
ever, neither of these models could produce a fit as the data
contained only zeros in controls. Therefore, we opted for a
(non-parametric) Kruskall-Wallis signed rank test combined
with a pairwise Wilcoxon signed rank test with Holm correc-
tion for multiple comparisons, separating analyses between
zones to achieve a balanced design (as one location lacks
a zone). As a second step, we examined differences in plot
success between locations and zones for the rhizome and
seed treatment separately. Again, we fitted generalized linear
models with poisson, negative binomial and zero-inflated
distributions and selected the best fitting models based on
Akaike information criterion (AIC). The best models had
negative binomial distributions, which we combined with a
pairwise comparison of the estimated marginal means (pack-
age “emmeans”, (Searle et al. 1980)) with a Tukey correc-
tion for multiple comparison. Finally, to test which environ-
mental factors acted as drivers of the observed differences in
recruitment success, we correlatively explored the relation
between plot success and moisture, elevation and sediment
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dynamics using linear models. First, the change in sediment
level (cm) per day per plot between every consecutive meas-
urement was calculated. Sediment dynamics per plot were
expressed as the standard deviation of the bed level change
per day in cm. Subsequently, it was tested whether mois-
ture, elevation and sediment dynamics correlated to each
other using a Pearson correlation test. As (log) moisture and
elevation correlated significantly (r=-0.74, P <0.001, Fig.
S3) and elevation was measured in a higher spatial resolu-
tion (plot level instead of every other block level), we only
included elevation and sediment dynamics to test the relation
between recruitment success (i.e., max shoot number) and
environment using generalized linear models with a Poisson
distribution. To compare the length of shoots in September
(when they were on average the tallest) and survival over
summer (maximum number of shoots compared with num-
ber of shoots at the end of September) between treatments
(rhizome and seed) and zones we fitted linear mixed-effect
models with a Gaussian distribution including location as
random factor (package “Ime4”, (Bates et al. 2015)). P-val-
ues were calculated in a type 3 ANOVA via Satterthwaite's
degrees of freedom method (package “ImerTest”, (Kuznet-
sova et al. 2017)).

Burial laboratory experiment

Final seedling emergence and germination were compared
between burial depths using a generalized linear model with
binomial distribution combined with a Tukey post hoc test.
To compare emergence over time between burial depths,
time-to-event analyses, as described by Onofti et al. (2022),
were used. A log-logistic time-to-event model was made
for the different burial depths. Next, it was tested whether
the model was significantly different from a reduced model
using a Likelihood Ratio Test (LRT, compCDF from pack-
age drcte). Lengths and weights were compared between
burial groups using ANOVA combined with Tukey post hoc
tests.

Results
Seed and rhizome availability

Regardless of beach width (i.e., different locations) or posi-
tion along the successional gradient (i.e., in modified or
unmodified conditions) no seeds or rthizome fragments were
found in any of the sediment cores (n=135). Overall, cores
were taken at elevations ranging from 1.5 to 7.8 m MSL and
from within adult marram grass vegetation up to 5.8 m from
vegetation (median 1.8 m).

Establishment field experiment

Both in the modified and the unmodified system, more
shoot emerged in the rhizome and seed plots than in the
control plots, where no shoots emerged in any of the plots
(Fig. 2). In the modified system, no significant difference
in shoot emergence between seeds and rhizomes was found
(11.5+5.3 seed vs 0.9+0.3 rhizome, Fig. 2). However, in
the unmodified zone significantly more shoots emerged from
seeds than from rhizomes (91.6 +15.6 seed vs 3.4+0.5
rhizome, Wilcoxon signed rank, P <0.001). Moreover,
the difference between both zones was larger for seeds (8
times more shoots in the unmodified system, unmodified vs
modified, GLM NB, z=4.5, P<0.001) than for rhizomes
(3.8 times more shoots, unmodified vs modified, GLM NB,
z=2.7, P=0.006). No differences in shoot emergence from
rhizomes were found in the same zone between locations
(Fig. S4). On the other hand, the number of seedlings (shoots
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originating from seed) in the unmodified zone increased
by 12.5 times when the beach was wide compared to nar-
row (wide 190.3 £ 16.6, intermediate 69.4 +16.7, narrow
15.1 +4.4; wide vs narrow, GLM NB, z=3.7, P=0.003,
Fig. S4).

Next, we tested how the plot success related to environ-
mental conditions (i.e., elevation, sediment dynamics, soil
moisture, soil salinity and temperature). Since temperatures
were similar across locations, we decided to omit tempera-
ture from the comparison. Moreover, the EC in water extracts
was outside the salinity range where an effect on germina-
tion could be expected (between 0 and 0.7 mS/cm, average
0.1+0.03 mS/cm, compared to van Puijenbroek et al (2017a,
b) and Del Vecchio et al. (2020), Table S1). Therefore, salin-
ity was also excluded from the comparison. Besides, tem-
perature, light and salinity levels indicated that no flooding
happened during our experimental period. As elevation cor-
related with moisture levels (r=-0.74, P <0.001, Fig. S3)

we compared the number of shoots only with elevation and
sediment dynamics (which were measured on a plot level,
while moisture was measured every other block). Lower
sediment dynamics related to a higher maximum number
of shoots, both from rhizomes and seeds (GLM, P <0.001,
Fig. 3, Model diagnostics; Figure S5, Table S2, Table S3).
Furthermore, more seedlings were found at lower eleva-
tions (GLM, P <0.001, Table S3, Fig. 3) while there was
no significant relation between elevation and shoot emer-
gence from rhizomes (Table S2, Fig. 3). Generally, sedi-
ment dynamics was higher in the modified system than in
the unmodified system (deviation bed level 0.74 +0.05 cm
(modified) vs 0.31 £0.02 cm (unmodified), F, ;4,=90.96,
P <0.001; averages in accretion 7.5+ 0.7 cm (modified) vs
3.0+0.2 cm (unmodified) and erosion 8.4 +0.7 cm (modi-
fied) vs 3.4+ 0.3 cm (unmodified)).

After the growth season, at the end of September 2020,
shoots that emerged from rhizomes were on average longer
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tion in sediment level (cm)), lines indicate fitted generalized linear
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models with Poisson distribution (in A, B & D P<0.001, and C
P =0.26, regression parameters in Table S2 and S3)
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than those from seedlings (15.7+1.5cm vs 11.0+1.2 cm,
respectively, F s=6.9, P=0.01, Fig. S6). There were no
significant differences in length between locations or zones
(Fig. S6). Summer survival —i.e., the number of shoots pre-
sent at the end of September compared to the maximum
number of shoots per plot — was significantly higher for rhi-
zomes than for seeds (46.1 £6.9% vs 12.5 +3.6%, respec-
tively, F 5= 16.2, P<0.001, Fig. S6). There were no sig-
nificant differences in survival between locations and zones
(Fig. S6). Furthermore, there were no significant correla-
tions between sediment dynamics or elevation and survival.
Almost all plants died over winter with only 22 seedlings
remaining in March 2021. The remaining seedlings were all
found in the same plot in the unmodified zone at the wide
location.

The number of ungerminated seeds remaining in the
experimental plots after winter was highest at the wide loca-
tion in the unmodified system (29 + 11%) followed by the
intermediate location (19 +5%). These were higher numbers
than found in the unmodified zone at the narrow location
(2 £2%, Wilcoxon signed rank, P =0.039) and in the modi-
fied system (0% (wide) and 8 + 8% (intermediate), Wilcoxon
signed rank, P=0.032). Since environmental factors were
not measured during winter no relation between seed reten-
tion or seedling survival and these factors could be made.

Burial laboratory experiment

At the end of the experiment, seeds buried between 0.5 and
3 c¢m had the highest emergence rate (80.4%). Seeds on
top of the soil were less successful in germinating (34.5%)
and more burial lead to a decrease in seedling emergence
(3-6 cm 55.9%, 6-10 cm 13.3%, 10+cm 0.8%, GLM,
Tukey, P <0.05, Fig. 4). Besides, with increase in burial
the time to emergence increased except for the unburied
seeds, which were slower to germinate (curves were une-
qual, LR value=1316.21, df=12, P<0.001, Fig. 4). Simi-
larly, growth after emergence was slower for seedlings
from unburied seeds than buried seeds (which had a similar
growth after emergence, Fig. S7). Next to a lower seedling
emergence, also a lower germination rate (germinated but
not emerged + emerged seedlings) was found with deeper
burial (for all groups GLM, Tukey, P <0.05, Fig. 4).
Seedlings originating from unburied seeds were shorter
(i.e., shoot and root length combined) than the shoots bur-
ied up to 10 cm, only the emerged seedlings from over
10 cm depth were not significantly longer (ANOVA, Tukey,
P <0.05, Fig. 4). No significant differences in above and
below ground length were found between the different burial
depths. However, with increasing burial depth roots were
relatively shorter and belowground shoot length increased
(keeping the total below ground plant parts of similar length,
Fig. 4). Similarly, shoot and root weights were lower for the

seedlings from unburied seeds than for seeds buried up to
6 cm, but comparable to seedlings from deeper buried seeds
(ANOVA, Tukey, P<0.05, Fig. 4). Between the different
burial depths again no significant differences were found.
However, conversion to weight per cm tissue demonstrated
that seedlings germinated from unburied seeds had a higher
mass which decreased with increasing burial (Fig. S7).

Discussion

In this study, we examined the impact of habitat modification
by marram grass on recruitment of conspecifics focusing
on the first two requirements for successful establishment:
1) availability of seeds and marine dispersed rhizome frag-
ments and 2) shoot emergence. While in theory more seeds
should be deposited close to vegetation (Pope 2006; McLa-
chlan 2014), no seeds or marine dispersed rhizome frag-
ments were found in natural conditions regardless of proxim-
ity to vegetation or beach-dune morphology. In sowed plots,
seed retention over winter was higher in unmodified than
in modified conditions. Moreover, burial over 3 cm signifi-
cantly lowered seed germination and seedling emergence.
Combined with measurements on sediment dynamics,
these findings suggest that plant-induced sediment dynam-
ics reduce seed retention as shoot emergence from seeds
and rhizome fragments was severely hampered in modified
conditions and was negatively related to sediment dynam-
ics. Our findings indicate that vegetation-induced sediment
dynamics negatively affect seed availability and shoot emer-
gence from seeds and rhizome fragments, thereby hampering
the establishment of conspecifics. These findings highlight
the complex interaction between habitat modification and
marram grass population dynamics during the early stages
of dune development.

Based on the number of marram grass individuals (>5
individuals per 100 m?) and estimates of seed numbers rang-
ing between 2.000 to 30.000 seeds per individual (Salisbury
1952; Laing 1958; Lim 2012), an input of hundreds of thou-
sands of seeds per year in the vegetated dune habitats can
be expected. From these seeds, +78% is expected to be dis-
persed within a meter from the adult vegetation (Pope 2006).
Yet, we found no seeds in the natural system, irrespective of
proximity to adult vegetation. It is likely that plant-induced
sediment dynamics reduce seed retention, which can result
in seed burial with accumulation or secondary dispersal (i.e.,
the seeds are moved elsewhere) in erosive events. In other
vegetated coastal ecosystems, such as salt marshes and sea-
grass beds, seed retention increases with burial depth since
soil disturbance is lower at greater depth (Marion and Orth
2012; Zhu et al. 2014; Zhao et al. 2023). In coastal dunes,
the same might apply, but it is likely that the dynamic upper
layer is considerably larger. In summer, we found an average
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Fig.4 A The proportion of seedling emergence over time from seeds
buried at different depth (indicated with different colors). The points
represent the seedling counts and the lines are log-logistic time-
to-event models. B The proportion of seeds from which seedlings
emerged in red and germinated (including emerged seeds) in blue at
the end of the experiment (49 days). C The final lengths of the shoots

bed level change of 16 cm in the modified system, with
erosion likely increasing in winter (van Puijenbroek et al.
2017b). Therefore, the 20 cm layer we tested might have
been too shallow to confirm seed presence in more stable
soil layers. It is likely that with sediment erosion, which
can be caused by wind and flooding, secondary dispersal
of seeds occurs. Since the dominant wind direction in the
Netherlands is onshore, we expect that secondary dispersal
by wind moves the seeds inland to the more stable (fore)
dune areas.

While the seeds retention might increase with burial
depth, we found a clear negative effect of burial on seed
germination and emergence (Fig. 4). Burial over 3 cm ger-
mination rates already clearly decreased and with over 10 cm
burial only 0.8% of the seeds were able to emerge. There-
fore, the lack of seedlings in control plots likely results from
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Burial depth (cm)

and roots of seedlings from different burial depths. From the shoots
both above sediment and below sediment level were measured. The
zero represents the sediment level and above ground parts are rep-
resented as positive values and below ground parts as negative val-
ues. D The total biomass per seedling with roots and shoots separated

a lack of seeds in the upper soil layer combined with a negli-
gible germination potential from seeds that might have been
buried in deeper (20 +cm) soil layers. In field conditions,
we found a negative relation between sediment dynamics
and shoot emergence (Fig. 3), with both accretion and ero-
sion likely having negative effects. We did not specifically
test the effect of erosion on seedlings. However, similar to
other dune plants, cordgrasses and mangroves, we expect
erosion to result in uprooting and desiccation of seedlings,
increasing mortality (Maun 1994; Balke et al. 2013; Cao
et al. 2018). We expected that higher soil moisture levels
in presence of vegetation might benefit seedling establish-
ment (Baldwin and Maun 1983), but found no significant
differences in moisture levels between modified and unmodi-
fied conditions (Fig. S3). However, we did find a negative
correlation between moisture and elevation (Fig. S3), and
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a negative relation between elevation and maximum seed-
ling numbers (Fig. 3). Since adult marram grass vegetation
entraps sediment, it increases elevation, which implicates
another negative effect of habitat modification on seedling
establishment. As the environmental conditions interact with
each other and with adult vegetation, additional experiments
with higher spatial and/or temporal resolution of measure-
ments would be needed to disentangle specific effects of
elevation, moisture, and other small-scale dynamics on seed-
ling germination, emergence and mortality.

Similar to seeds, no marine dispersed rhizome fragments
were found in our survey. Contrasting to seed input, the
spread of marine dispersed rhizomes is harder to predict.
Dispersal of rhizomes is dependent on storm conditions
and — as rhizome bud viability is maintained after submer-
sion in seawater up to 13 days — with longshore currents
rhizomes could, in theory, be transported hundreds of kilo-
meters (Aptekar and Rejmanek 2000; Hilton and Konlech-
ner 2011). In our experiment, we expected a more vigorous
growth from rhizomes than from seeds (Harris and Davy
1986; van der Putten 1990). Surprisingly, the number of
shoots originating from rhizomes was on average 25 times
lower than from seeds, while the rhizome fragments had on
average 3000 nodes per plot and 1600 seeds were sown per
plot. However, growth and survival of shoots over summer
were significantly higher for shoots originating from rhi-
zomes (Fig. S4). Additionally, the effect of habitat modifica-
tion was less profound for rhizomes (+4 times less growth
in modified conditions) compared to seeds (+ 8 times less
growth in modified conditions).

We hypothesize that the difference in shoot numbers
from seed and rhizomes was a result of dry conditions after
the experiment started (Table S1). Although the effect of
drought on marram grass rhizome fragments is unknown, for
two reed species it was found that drought lowers viability of
rhizome fragments (Mann et al. 2013). Similarly, we expect
rhizome fragments of marram grass to be more vulnerable
to desiccation than the seeds, as they had not germinated yet.
The shoots that emerged from rhizomes likely had a higher
resource availability than seedlings, benefiting their growth
(van der Putten 1990). Increased growth enlarges their abil-
ity to deal with sediment accretion because of the reduced
probability of complete burial, which is almost always fatal
(Maun 1998). Moreover, thizome fragments are expected
to be less prone to erosion because seedlings rely only on
their roots for anchoring while the shoots emerging from rhi-
zomes have whole rhizome fragments as anchoring. These
factors combined presumably reduced the negative effects
of habitat modification on shoot survival for rhizome frag-
ments, also resulting in a higher survival of the few shoots
that emerged from rhizomes.

Marram grass is known for its high sand trapping effi-
ciency as an adult, facilitating its own growth and survival

through sediment accumulation (Zarnetske et al. 2012; Rei-
jers et al. 2019). However, we found that these biophysical,
self-facilitating feedbacks inhibit recruitment of conspecifics
in early dune development. Removal of adult vegetation and
associated dune forms likely plays an important role in popu-
lation dynamics of marram grass, especially in embryonic
dunes that are most prone to erosion (van Puijenbroek et al.
2017a; Itzkin et al. 2021). Storms can remove vegetation
leaving an unmodified system where recruitment potential
is higher. Additionally, storms can lead to dispersal of clonal
fragments on the beach providing a source for establishment
(Hesp and Martinez 2007; Hilton and Konlechner 2011).
While erosion might reduce seed availability in the upper
soil layers (van Regteren et al. 2019), it might also expose
seeds that were previously buried in the dune body (Hilton
et al. 2019). As marram grass seeds can stay viable over
21 years, seeds that were buried for a long period of time can
still germinate when they resurface (Hilton et al. 2019). In
addition to natural erosive events, manual removal of mar-
ram grass vegetation can have similar results. For example,
recent attempts to eradicate marram grass in New Zealand
(where it is an invasive species), were followed by an unex-
pected increase in seedlings establishment, prolonging their
eradication program (Hilton et al. 2019). Overall, our results
show how interactions between adult vegetation and the
physical environment can inhibit recruitment of conspecifics
in dune grasses and highlight the unpredictability of estab-
lishment events as these mainly occur after erosive events.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00442-024-05525-y.

Acknowledgements We thank all volunteers that helped in the field,
Thomas Meerwijk, Tinder de Waal and Bartel Komin for their help
in the field and laboratory and Paula Swinkels for collecting sedi-
ment samples. We thank Staatsbosbeheer Texel for permission to
conduct this experiment. This study was financially supported by
the Netherlands Organization of Scientific Research (NWO-Vidi
grant 16588, awarded to TvdH). VR was funded by NWO-Veni grant
VI.Veni.212.059.

Author contribution statement CL, VR and TvdH conceived and
designed the study. CL and AS performed the research. CL analyzed
the data and wrote the first draft of the manuscript, all authors contrib-
uted to revisions.

Funding This study was financially supported by the Netherlands
Organization of Scientific Research (NWO-Vidi grant 16588, awarded
to TvdH). VR was funded by NWO-Veni grant VI.Veni.212.059.
Data availability https://doi.org/10.25850/ni0z/7b.b.xg.

Code availability Not applicable.

Declarations
Conflicts of interest Not applicable.

Ethics approval Not applicable.

@ Springer


https://doi.org/10.1007/s00442-024-05525-y
https://doi.org/10.25850/nioz/7b.b.xg

714

Oecologia (2024) 204:705-715

Consent to participate Not applicable.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Anthony EJ (2013) Storms, shoreface morphodynamics, sand sup-
ply, and the accretion and erosion of coastal dune barriers in the
southern North Sea. Geomorphology 199:8-21. https://doi.org/
10.1016/j.geomorph.2012.06.007

Aptekar R, Rejmanek M (2000) The effect of sea-water submergence
on rhizome bud viability of the introduced Ammophila arenaria
and native Leymus mollis in California. J Coast Conserv 6:107—
111. https://doi.org/10.1007/bf02730474

Bakker JP (1976) Phytogeographical Aspects of the Vegetation of the
Outer Dunes in the Atlantic Province of Europe. J Biogeogr 3:85.
https://doi.org/10.2307/3038138

Baldwin KA, Maun MA (1983) Microenvironment of Lake Huron sand
dunes. Can J Bot 61:241-255. https://doi.org/10.1139/b83-028

Balke T, Bouma TJ, Horstman EM et al (2011) Windows of opportu-
nity: thresholds to mangrove seedling establishment on tidal flats.
Mar Ecol Prog Ser 440:1-9. https://doi.org/10.3354/meps09364

Balke T, Webb EL, van den Elzen E et al (2013) Seedling establishment
in a dynamic sedimentary environment: a conceptual framework
using mangroves. J Appl Ecol 50:740-747. https://doi.org/10.
1111/1365-2664.12067

Balke T, Herman PMJ, Bouma TJ (2014) Critical transitions in distur-
bance-driven ecosystems: Identifying windows of opportunity for
recovery. J Ecol. https://doi.org/10.1111/1365-2745.12241

Bates D, Michler M, Bolker B, Walker S (2015) Fitting Linear Mixed-
Effects Models Using Ime4. J Stat Softw 67:1-48. https://doi.org/
10.18637/js5.v067.101

Bonte D, Batsleer F, Provoost S et al (2021) Biomorphogenic Feed-
backs and the Spatial Organization of a Dominant Grass Steer
Dune Development. Front Ecol Evol 9:1-12. https://doi.org/10.
3389/fevo.2021.761336

Cao H, Zhu Z, Balke T et al (2018) Effects of sediment disturbance
regimes on Spartina seedling establishment: Implications for salt
marsh creation and restoration. Limnol Oceanogr 63:647-659.
https://doi.org/10.1002/Ino.10657

Corenblit D, Tabacchi E, Steiger J, Gurnell AM (2007) Reciprocal
interactions and adjustments between fluvial landforms and veg-
etation dynamics in river corridors: A review of complementary
approaches. Earth-Science Rev. https://doi.org/10.1016/j.earsc
irev.2007.05.004

Crain CM, Bertness MD (2006) Ecosystem Engineering across Envi-
ronmental Gradients: Implications for Conservation and Man-
agement. Bioscience 56:211-218. https://doi.org/10.1641/0006-
3568(2006)056[0211:EEAEGI]2.0.CO;2

@ Springer

Del Vecchio S, Fantinato E, Roscini M et al (2020) The germination
niche of coastal dune species as related to their occurrence along
a sea—inland gradient. J Veg Sci 31:1114-1123. https://doi.org/
10.1111/jvs.12899

Del Vecchio S, Sharma SK, Pavan M et al (2022) Within-species vari-
ation of seed traits of dune engineering species across a Euro-
pean climatic gradient. Front Plant Sci 13:1-11. https://doi.org/
10.3389/fpls.2022.978205

Grubb PJ (1977) The maintenance of species-richness in plant com-
munities: The importance of the regeneration niche. Biol Rev
52:107-145. https://doi.org/10.1111/j.1469-185X.1977.tb01347.x

Hacker SD, Zarnetske P, Seabloom E et al (2012) Subtle differences
in two non-native congeneric beach grasses significantly affect
their colonization, spread, and impact. Oikos 121:138-148.
https://doi.org/10.1111/j.1600-0706.2011.18887.x

Harris D, Davy AJ (1986) Regenerative Potential of Elymus farctus
From Rhizome Fragments and Seed. J Ecol 74:1057. https://doi.
org/10.2307/2260233

Herben T, Sers B, KlimesSova J (2015) Clonal growth and sexual
reproduction: tradeoffs and environmental constraints. Oikos
124:469-476. https://doi.org/10.1111/0ik.01692

Hertling UM, Lubke RA (1999) Use of Ammophila arenaria for
dune stabilization in South Africa and its current distribution -
Perceptions and problems. Environ Manage 24:467-482. https://
doi.org/10.1007/s002679900247

Hesp PA (1989) A review of biological and geomorphological pro-
cesses involved in the initiation and development of incipient
foredunes. Proc R Soc Edinburgh, Sect B Biol Sci 96:181-201.
https://doi.org/10.1017/s0269727000010927

Hesp PA (2002) Foredunes and blowouts: initiation, geomorphology
and dynamics. Geomorphology 48:245-268. https://doi.org/10.
1016/S0169-555X(02)00184-8

Hesp PA, Martinez ML (2007) Disturbance processes and dynam-
ics in coastal dunes. In: Plant disturbance ecology: the process
and the response. Academic Press Cambridge, MA, pp 215-247

Hilton MJ (2006) The loss of New Zealand’s active dunes and the
spread of marram grass (Ammophila arenaria). N Z Geog
62:105-120. https://doi.org/10.1111/j.1745-7939.2006.00054.x

Hilton M, Konlechner T, McLachlan K et al (2019) Long-lived seed
banks of Ammophila arenaria prolong dune restoration pro-
grams. J Coast Conserv 23:461-471. https://doi.org/10.1007/
s11852-018-0675-0

Hilton M, Konlechner T (2011) Incipient Foredunes Developed from
Marine-dispersed Rhizome of Ammophilia arenaria. J Coast
Res 1: 288-292

Huiskes AHL (1979) Ammophila Arenaria (L.) Link (Psamma Are-
naria (L.) Roem. et Schult.; Calamgrostis Arenaria (L.) Roth).
J Ecol 67(1):363. https://doi.org/10.2307/2259356

Itzkin M, Moore LJ, Ruggiero P et al (2021) The relative influence of
dune aspect ratio and beach width on dune erosion as a function
of storm duration and surge level. Earth Surf Dyn 9:1223-1237.
https://doi.org/10.5194/esurf-9-1223-2021

Jones CG, Lawton JH, Shachak M (1994) Organisms as Ecosystem
Engineers. Oikos. https://doi.org/10.2307/3545850

Kuznetsova A, Brockhoff PB, Christensen RHB (2017) ImerTest
Package: Tests in Linear Mixed Effects Models. J Stat Softw
82:1-26. https://doi.org/10.18637/jss.v082.113

Laing CC (1958) Studies in the ecology of Ammophila breviligu-
lata. 1. Seedling survival and its relation to population increase
and dispersal. Bot Gaz 119:208-216. https://doi.org/10.1086/
335981

Lambrinos JG, Bando KJ (2008) Habitat modification inhibits con-
specific seedling recruitment in populations of an invasive eco-
system engineer. Biol Invasions 10:729-741. https://doi.org/10.
1007/s10530-007-9165-2


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.geomorph.2012.06.007
https://doi.org/10.1016/j.geomorph.2012.06.007
https://doi.org/10.1007/bf02730474
https://doi.org/10.2307/3038138
https://doi.org/10.1139/b83-028
https://doi.org/10.3354/meps09364
https://doi.org/10.1111/1365-2664.12067
https://doi.org/10.1111/1365-2664.12067
https://doi.org/10.1111/1365-2745.12241
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.3389/fevo.2021.761336
https://doi.org/10.3389/fevo.2021.761336
https://doi.org/10.1002/lno.10657
https://doi.org/10.1016/j.earscirev.2007.05.004
https://doi.org/10.1016/j.earscirev.2007.05.004
https://doi.org/10.1641/0006-3568(2006)056[0211:EEAEGI]2.0.CO;2
https://doi.org/10.1641/0006-3568(2006)056[0211:EEAEGI]2.0.CO;2
https://doi.org/10.1111/jvs.12899
https://doi.org/10.1111/jvs.12899
https://doi.org/10.3389/fpls.2022.978205
https://doi.org/10.3389/fpls.2022.978205
https://doi.org/10.1111/j.1469-185X.1977.tb01347.x
https://doi.org/10.1111/j.1600-0706.2011.18887.x
https://doi.org/10.2307/2260233
https://doi.org/10.2307/2260233
https://doi.org/10.1111/oik.01692
https://doi.org/10.1007/s002679900247
https://doi.org/10.1007/s002679900247
https://doi.org/10.1017/s0269727000010927
https://doi.org/10.1016/S0169-555X(02)00184-8
https://doi.org/10.1016/S0169-555X(02)00184-8
https://doi.org/10.1111/j.1745-7939.2006.00054.x
https://doi.org/10.1007/s11852-018-0675-0
https://doi.org/10.1007/s11852-018-0675-0
https://doi.org/10.2307/2259356
https://doi.org/10.5194/esurf-9-1223-2021
https://doi.org/10.2307/3545850
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1086/335981
https://doi.org/10.1086/335981
https://doi.org/10.1007/s10530-007-9165-2
https://doi.org/10.1007/s10530-007-9165-2

Oecologia (2024) 204:705-715

715

Lim DD (2012) Marram grass seed ecology: the nature of the seed bank
and secondary dispersal. Thesis, Master of Science, University of
Otago. Retrieved from http://hdl.handle.net/10523/2094

Mann JJ, Barney JN, Kyser GB, Di Tomaso JM (2013) Miscanthus
x giganteus and Arundo donax shoot and rhizome tolerance of
extreme moisture stress. Geb Bioenergy 5:693—-700. https://doi.
org/10.1111/gcbb.12039

Marion SR, Orth RJ (2012) Seedling establishment in eelgrass: seed
burial effects on winter losses of developing seedlings. Mar Ecol
Prog Ser 448:197-207. https://doi.org/10.3354/meps09612

Martinez ML, Psuty NP (2004) Coastal dunes. Springer

Maun MA (1994) Adaptations enhancing survival and establishment
of seedlings on coastal dune systems. Vegetatio. https://doi.org/
10.1007/BF00045577

Maun MA (1998) Adaptations of plants to burial in coastal sand dunes.
Can J Bot 76:713-738. https://doi.org/10.1139/cjb-76-5-713

Maun MA, Lapierre J (1986) Effects of Burial by Sand on Seed Ger-
mination and Seedling Emergence of Four Dune Species. Am J
Bot 73:450-455. https://doi.org/10.2307/2444088

McLachlan K (2014) The Dispersal, Establishment and Management
of Ammophila arenaria Seed in Coastal Foredunes. Thesis, Master
of Applied Science, University of Otago. Retrieved from http://
hdl.handle.net/10523/5037

Onofri A, Mesgaran MB, Ritz C (2022) A Unified Framework for the
Analysis of Germination, Emergence, and Other Time-To-Event
Data in Weed science. Weed Sci 70:259-271. https://doi.org/10.
1017/wsc.2022.8

Pope P (2006) The comparative seed ecology of Desmoschoenus spi-
ralis (A.Rich.) Hook.f. and Ammophila arenaria (L.) Link. Uni-
versity of Ontago

van Regteren M, Colosimo I, de Vries P, et al (2019) Limited seed
retention during winter inhibits vegetation establishment in
spring, affecting lateral marsh expansion capacity. Ecol Evol.
https://doi.org/10.1002/ece3.5781

Reijers VC, Siteur K, Hoeks S et al (2019) A Lévy expansion strategy
optimizes early dune building by beach grasses. Nat Commun
10:1-9. https://doi.org/10.1038/s41467-019-10699-8

Ripley B, Venables B, Bates DM et al (2013) Package ‘mass.” Cran r
538:113-120

Rodriguez-Perez A, James M, Donnan DW et al (2019) Conservation
and restoration of a keystone species: Understanding the settle-
ment preferences of the European oyster (Ostrea edulis). Mar
Pollut Bull 138:312-321. https://doi.org/10.1016/j.marpolbul.
2018.11.032

Salisbury SE (1952) Downs and dunes: their plant life and its environ-
ment. West Am J Bot 12:64

Schwarz C, Bouma TJ, Zhang LQ et al (2015) Interactions between
plant traits and sediment characteristics influencing species

establishment and scale-dependent feedbacks in salt marsh eco-
systems. Geomorphology 250:298-307. https://doi.org/10.1016/j.
geomorph.2015.09.013

Searle SR, Speed FM, Milliken GA (1980) Population Marginal Means
in the Linear Model: An Alternative to Least Squares Means. Am
Stat 34:216-221. https://doi.org/10.1080/00031305.1980.10483
031

Silvertown J (2008) The evolutionary maintenance of sexual reproduc-
tion: Evidence from the ecological distribution of asexual repro-
duction in clonal plants. Int J Plant Sci 169:157-168. https://doi.
org/10.1086/523357

van der Putten WH (1990) Establishment of Ammophila arenaria
(marram grass) from culms, seeds and rhizomes. J Appl Ecol
27:188-199. https://doi.org/10.2307/2403577

van der Heide T, Tielens E, van der Zee EM et al (2014) Predation
and habitat modification synergistically interact to control bivalve
recruitment on intertidal mudflats. Biol Conserv 172:163-169.
https://doi.org/10.1016/j.biocon.2014.02.036

van Puijenbroek MEB, Limpens J, de Groot AV et al (2017a) Embryo
dune development drivers: beach morphology, growing season
precipitation, and storms. Earth Surf Process Landforms 42:1733—
1744. https://doi.org/10.1002/esp.4144

van Puijenbroek MEB, Nolet C, De Groot AV et al (2017b) Exploring
the contributions of vegetation and dune size to early dune devel-
opment using unmanned aerial vehicle (UAV) imaging. Biogeo-
sciences 14:5533-5549. https://doi.org/10.5194/bg-14-5533-2017

Zarnetske PL, Hacker SD, Seabloom EW et al (2012) Biophysical feed-
back mediates effects of invasive grasses on coastal dune shape.
Ecol Soc Am 93:1439-1450. https://doi.org/10.1890/11-1112.1

Zeileis A, Kleiber C, Jackman S (2008) Regression models for count
data in R. J Stat Softw. https://doi.org/10.18637/jss.v027.108

Zhao Z, Zhang L, Yuan L, Bouma TJ (2023) Pinpointing stage-specific
causes of recruitment bottlenecks to optimize seed-based wet-
land restoration. J Appl Ecol 60:330-341. https://doi.org/10.1111/
1365-2664.14325

Zhu Z, TJ Bouma, Ysebaert T, Zhang L, (2014) Seed arrival and per-
sistence at the tidal mudflat: identifying key processes for pio-
neer seedling establishment in salt marshes. Mar Ecol Prog Ser
513:97-1009. https://doi.org/10.3354/meps10920

Zipperle AM, Coyer JA, Reise K et al (2009) Evidence for persistent
seed banks in dwarf eelgrass Zostera noltii in the German Wad-
den Sea. Mar Ecol Prog Ser 380:73—80. https://doi.org/10.3354/
meps07929

@ Springer


http://hdl.handle.net/10523/2094
https://doi.org/10.1111/gcbb.12039
https://doi.org/10.1111/gcbb.12039
https://doi.org/10.3354/meps09612
https://doi.org/10.1007/BF00045577
https://doi.org/10.1007/BF00045577
https://doi.org/10.1139/cjb-76-5-713
https://doi.org/10.2307/2444088
http://hdl.handle.net/10523/5037
http://hdl.handle.net/10523/5037
https://doi.org/10.1017/wsc.2022.8
https://doi.org/10.1017/wsc.2022.8
https://doi.org/10.1002/ece3.5781
https://doi.org/10.1038/s41467-019-10699-8
https://doi.org/10.1016/j.marpolbul.2018.11.032
https://doi.org/10.1016/j.marpolbul.2018.11.032
https://doi.org/10.1016/j.geomorph.2015.09.013
https://doi.org/10.1016/j.geomorph.2015.09.013
https://doi.org/10.1080/00031305.1980.10483031
https://doi.org/10.1080/00031305.1980.10483031
https://doi.org/10.1086/523357
https://doi.org/10.1086/523357
https://doi.org/10.2307/2403577
https://doi.org/10.1016/j.biocon.2014.02.036
https://doi.org/10.1002/esp.4144
https://doi.org/10.5194/bg-14-5533-2017
https://doi.org/10.1890/11-1112.1
https://doi.org/10.18637/jss.v027.i08
https://doi.org/10.1111/1365-2664.14325
https://doi.org/10.1111/1365-2664.14325
https://doi.org/10.3354/meps10920
https://doi.org/10.3354/meps07929
https://doi.org/10.3354/meps07929

	Habitat modification by marram grass negatively affects recruitment of conspecifics
	Abstract
	Introduction
	Methods
	Field sites
	Natural seed and rhizome availability
	Establishment field experiment
	Burial laboratory experiment
	Statistical analyses
	Establishment field experiment
	Burial laboratory experiment


	Results
	Seed and rhizome availability
	Establishment field experiment
	Burial laboratory experiment

	Discussion
	Acknowledgements 
	References




